The corrosion inhibition effects of benzamide (BA) 
INTRODUCTION
Copper and its alloys are commonly used as a material in industrial systems because of their excellent electrical and thermal conductivity, good corrosion resistance, and mechanical workability. 1 They are used widely in many applications in electronic industries and communications as a conductor in electrical power lines, and in pipelines for domestic and industrial water utilities including seawater, heat conductors, heat exchangers, etc. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Therefore, corrosion of copper and its inhibition in a wide variety of media, particularly when they contain chloride ions in high concentrations, have attracted the attention of many investigators. 11 It is known that the mechanism of copper electrodeposition/dissolution strongly depends on the medium. 4 It is generally accepted that anodic dissolution of copper is influenced by chloride concentration independently of pH. 12 The dissolution of copper at lower than 1.0 M chloride concentration occurs through formation of copper(I) chloride (CuCl), which is not protective and then is converted to the soluble copper chloride complex (CuCl 2 -) by reacting with an excess of chloride. At chloride concentrations higher than 1.0 M, higher cuprous complexes such as CuCl 3 2- and CuCl 4 3-and fewer chlorides complexes such as CuCl and CuCl 2 -are formed. [12] [13] The use of inhibitors is one of the most practical methods of protection against corrosion, especially in acidic media. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Inhibitors are commonly used in these processes to control the metal dissolution as well as acid consumption. 3 The most acid corrosion inhibitors are nitrogen-sulfur and oxygen-containing organic compounds. [2] [3] [4] [5] [6] [7] Among these organic compounds, the azole derivatives are also most commonly used. Benzotriazole (BTA) is well known as an effective inhibitor of copper corrosion in neutral/alkaline solutions. [11] [12] [13] [14] [15] [16] BTA and its derivatives have been used in industry widely for several decades. [16] [17] [18] [19] [20] [21] [22] [23] However, a very important deficiency of these inhibitors is their toxicity and most them are not biodegradable. BTA also does not show a high inhibiting effect on copper corrosion in acidic solution. 11 Therefore, their replacement by new, non-toxic inhibitors is desirable. [24] [25] [26] [27] Amides are described as organic molecules containing the group of -NH 2 . Some amides contain atoms with high electron levels, such as N, O, and S in their molecular structures. Amide and derivatives are of particular importance as corrosion inhibitors, because they are environmentally friendly and have very low toxicity. The inhibition efficiencies of amides on steel have generally been studied in the literature. For instance, urea (U), thiourea (TU), thioacetamide (TA), and thiosemicarbazide (TSC) have been found to be good inhibitors for mild steel in acid solutions. [13] [14] [15] [16] [17] However, inhibition effects of amides on copper in literature have not been studied much. 18 The performance of the organic inhibitors can be interpreted in terms of the structure of the molecule, molecular size, and nature of the heteroatoms present in the molecule. Makrides and Hackermann 28 proposed that sulfur-containing organic compounds have special efficacy since these compounds are better electron donors. The inhibition performance of ABSA is better than BA because of the presence of increased electron density at active centers in the inhibitor molecule containing both sulfur and nitrogen atoms. The higher inhibition efficiency observed with ABSA containing both nitrogen and sulfur atoms are attributed to the presence of a higher number of lone pairs of electrons, and a higher polarizability.
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In the present study, efficiency of amides for inhibition of copper corrosion in acidic solution was investigated. The goal of this work was to examine the effectiveness of amides to suppress the corrosion of copper in acidic solution. The performance of the inhibitors was evaluated using various electrochemical techniques.
There are several quantum chemical studies to investigate the relationship between the corrosion inhibition efficiency and inhibitor quantum-chemical parameters such as: the HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied molecular orbital), energy polarizability, charges, hardness (η), softness (σ), electronegativity (χ), etc.
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EXPERIMENTAL PROCEDURES
Electrochemical Measurements
The electrolyte solution was made from HCl and distilled water. Benzamide (BA) and 4-aminobenzenesulfonamide (ABSA) were used as inhibitors. The inhibitors were used as-received. The molecular structures of the studied inhibitors are shown in Figure 1 .
All experiments were carried out in an 200 mL electrochemical cell with a three-electrode configuration at room temperature with the electrolyte solution in equilibrium with the atmosphere (aerated solutions). The working electrode (WE) was prepared from a cylindrical copper rod (99.99%) sealed with epoxy resin so that only the circular cross section (0.785 cm 2 ) of the rod was exposed to the corrosion. A saturated calomel electrode (SCE) was used as the reference electrode with a fine Luggin capillary positioned close to the working electrode surface to minimize the ohmic potential drop. A platinum wire was used as a counter electrode (CE). Prior to the electrochemical measurements, the WE was abraded with emery papers (grades 320, 400, 800, and 1200), washed with distilled water, degreased with acetone (CH 3 COCH 3 ), washed with distilled water again, dried at room temperature, and finally immersed into the cell. The electrode potential was allowed to stabilize for 60 min before starting the measurements.
Electrochemical measurements were performed by using a potentiostat/galvanostat. Potentiodynamic polarization curves were obtained by changing the electrode potential automatically from -0.70 V to 0.10 V at a scan rate of 5 mV s -1 . All potentials were measured against the saturated calomel electrode (SCE). Potentiostatic current-time experiments were carried out by stepping the potential at 0.25 V for 60 min. Cyclic voltammetry curves were obtained in 1.0 M hydrochloric acid (HCl) with and without inhibitor. The working electrode was scanned from negative to positive in the potential range from -0.6 V to 0.6 V, at a scan rate of 20 mV s 
Scanning Electron Microscopic Study
The copper specimens were immersed in 1.0 M HCl with and without inhibitor solutions for a period of 7 days. After 7 days, the specimens were taken out and dried. The nature of the film formed on the surface of metal specimens was analyzed using scanning electron microscopy (SEM). Metal surfaces were investigated using a scanning electron microscope.
Calculation Method
The molecular sketches of the compounds BA and ABSA were drawn using the GaussView 5.0 † . All the quantum chemical calculations were performed with complete geometry optimizations using a standard Gaussian-09 † software package. 35 The Becke's three-parameter hybrid functional [36] [37] [38] combined with † Trade name. 35 
RESULTS AND DISCUSSION
Cyclic Voltammetric Study
The cyclic voltammogram curves obtained from 5 × 10 -3 M BA and ABSA containing or not containing inhibitor in 1.0 M HCl are given in Figure 2 . In the curves, two anodic current peaks at about 0.07 V and 0.20 V and one cathodic current peak at -0.225 V can be observed. According to Crundwell 
The first oxidation peak can be related to the anodic dissolution of copper occurs by Reaction (1) . Under this condition, Cu reacts fast with Cl -, forming CuCl, which has poor adhesion to the copper surface and is transformed to the soluble cuprous chloride complex, CuCl 2 -. The anodic copper dissolution was controlled by both electrodissolution of copper and diffusion of soluble CuCl 2 -to the bulk solution. 44 The second oxidation peak represents the oxidation of Cu(I) to soluble Cu 2+ by Reaction (4). In the reverse sweep, the corrosion product of CuCl can be partially reduced as described in Reaction (3), as a result of increasing the concentration of Cl -at the interface of the copper and salt layer, which leads to fast dissolution of copper by Reaction (1). 
On the other hand, the corrosion process would be restrained to a certain extent by increasing the salt layer. Because of the competition of dissolution and precipitation of the film on copper, an anodic current hump appears in the cyclic voltammetry (CV) plot on the reverse sweep at about 0.05 V. 17 The decrease in anodic current between 0 and ~0.05 V was attributed to the formation of partly inhibiting CuCl film on the copper surface ( Figure 2 ). It can be seen that the presence of BA and ABSA causes a decrease in the current density of the first anodic peak. It indicates that BA and ABSA can effectively inhibit the Cu(I) oxidation. Also, the decreases in anodic current of inhibitors are a result of the decreased chloride ion attack on the copper surface by inhibitor molecule adsorption. The results show that BA and ABSA are effective inhibitors for copper.
Potentiodynamic Polarization Measurements
The potentiodynamic polarization curves in 1.0 M HCl in the presence and absence of BA and ABSA at different concentrations are given in Figures 3 and 4 , respectively. It is seen clearly from Figures 3 and 4 that the anodic branch of Cu in HCl solutions in the absence of inhibitor molecules shows three distinct regions:
-First, increasing the current from the Tafel region at lower overpotentials, which extending to the maximum current density (I max ) as a result of the fast dissolution of Cu o into Cu + (Reaction [5] ):
-Second, the region of decreasing currents until a minimum (I min ) is reached because of the formation of CuCl (Reaction [1] ). -Finally, the region of sudden increase in current density leads to a limiting value (I lim ), which is from the presence of acidic solutions that decreases the adhesion properties of the adsorbed CuCl later and leads to the formation of soluble copper chloride complex, CuCl 2 -(Reaction [2] ).
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The cathodic polarization curves displayed a current plateau from -0.40 V to -0.60 V, which may be attributed to the diffusion-controlled reduction of dissolved oxygen ( Figures 3 and 4 
Also, the total corrosion reaction of copper in acidic chloride solutions is as follows:
In both inhibitors, the anodic and cathodic current density is decreased by adding an inhibitor. Therefore, BA and ABSA acts as mixed-type inhibitors. However, the rate of anodic reaction was decreased more than the cathodic reaction rate and corrosion potential was moved to more positive values compared with 1.0 M HCl (Figures 3 and 4) . Accordingly, it was determined that benzamide and sulfanilamide prevent the anodic dissolution of copper.
The corrosion parameters, corrosion potential (E corr ) and corrosion current density (I corr ), of the metal in the presence of different concentrations of amides were calculated from the potentiodynamic polarization curves. The corrosion parameters (E corr , I corr , b a , R p ) of the metal in 1.0 M HCl solution with and without inhibitors are given in Table 1 .
The inhibition efficiency (IE%) was calculated using the equation:
where (I corr ) 0 , (I corr ) inh are uninhibited and inhibited corrosion current densities, respectively. As seen in the table, the corrosion potentials of the inhibitors have shifted to more positive values compared to 1.0 M HCl. However, in both inhibitors, corrosion potential shifts to the negative side as the inhibitor concentration increases. The protection of amides for copper is very weak at low concentrations. It can be seen that with increasing inhibitor concentration, corrosion current density decreases. At the same time, the increase of IE% with inhibitor concentration also confirms that BA and ABSA are good 
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inhibitors and protects the copper surface against corrosion in aerated acidic chloride solutions. Since the sulfur compounds are more polarizable, the inhibition effectiveness of ABSA is more than BA (Table 1) . The polarization resistance (R p ) values are related to the corrosion current density (I corr ), which is directly proportional to the corrosion rate, through the Stern- (
The R p values listed in Table 1 are used to estimate the corrosion inhibition effect of the inhibitors. The addition of BA or ABSA to the acidic solutions produced higher R p values than the blank solution, indicating the formation of a protective layer on the electrode surface ( Table 1) . As a result, inhibitors show an inhibitive effect on the anodic dissolution of copper.
Current-Time Measurements
To shed more light on the effects of BA and ABSA on the inhibition of copper corrosion at 0.25 V, potentiostatic current-time measurements were carried out. to ~28 mA cm -2 after 60 min. Addition of inhibitors to the chloride solutions decreases the currents with time in solutions to reach to ~16 mA cm -2 and 8 mA cm -2 in 60 min for copper in BA and ABSA solutions, respectively ( Figure 5) .
The higher values of current vs. time at 0.25 V for copper in HCl solution without inhibitor is because of the aggressiveness of Cl -( Figure 5 ). According to Sherif and coworkers, the decrease in the current with time can be explained since their studies in which the x-ray photoelectron (XPS) and the energy-dispersive x-ray analyzer (EDX) investigations for the copper at similar conditions have shown that only Cu, Cl, and O existed on the surface. 11, 45 The possible corrosion products formed on the copper surface may be CuCl (Reaction [1] 
The formation of these corrosion products on the copper surface partially protects it and results in decreasing the current values. The decrease of current values by the presence of BA and ABSA are because of the adsorption of amide molecules onto the copper surface, preventing the formation of cuprous chloride and oxychloride complexes, and results in decreasing the chloride ion attack on the copper surface.
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Adsorption Isotherms
To understand the mechanism of corrosion inhibition, the adsorption behavior of the organic adsorbate on the metal surface must be known. The adsorption process of inhibitors are influenced by the chemical structures of organic compounds, the nature and surface charge of metal, and the distribution of charge in molecule on the type of aggressive media. 46 Basic information on the interaction between the inhibitor and the Cu surface can be provided by the adsorption isotherm. The simplest, being Langmuir isotherm, is based on the assumption that all adsorption sites are equivalent and that particle binding occurs independently from nearby sites being occupied or not. Langmuir isotherm can be expressed as: [47] [48] [49] 
where C is the inhibitor concentration, K ads (M -1
) is the adsorption equilibrium constant, and θ is the surface coverage. In this case, θ is numerically identical to the value of percentage inhibition efficiency obtained from polarization divided by 100: θ = 100 . 48 A typical plot of C/θ vs. C for amides is given in Figure 6 . The equilibrium constants of the adsorption process were found from the obtained straight lines in C/θ vs. C graphs and are related to the free energy of adsorption (∆G 0 ads ), Equation (13): where R is the universal gas constant and T is the thermodynamic temperature. [47] [48] [49] [50] [51] It is well known that values of ∆G 0 ads in the order of -20 kJ mol -1 or lower indicate a physisorption; those about -40 kJ mol -1 or higher involve charge sharing or a transfer from the inhibitor molecules to the metal surface to form a coordinate type of band. 52 The values of ∆G 0 ads in our measurements suggest that the adsorption of inhibitors involves both types of interaction chemisorption and physisorption.
Inhibition Efficiency
In general, the inhibition effect of the amides is a result of the adsorption of its molecules on the metal surface. The protection ability of the molecules against corrosion originates from the adsorption of an organic layer.
Amides take protons and have a positive charge in acidic solutions. 46 It is considered that protonizing is effective in amide inhibition. Chloride ions are very active ions and are adsorbed by the IHP (Inner Helmholtz Plane) of the metal, thereby making the metal surface negative. Therefore, the protonated amide molecules may be adsorbed through electrostatic interaction between positively charged amide molecules and the negatively charged metal surface caused by chloride ions from the solution. Neutral amide molecules displace water molecules from the surface and share electrons with the copper surface [(Inh) sol + xH 2 O ads ↔ (Inh) ads. + xH 2 O sol. ]. In both cases, the adsorbed film protects the surface by blocking mainly the active sites on the copper surface. 
Scanning Electron Microscopy Measurements
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activated chloride ions with copper ions in 1.0 M HCl solution ( Figure 7[a] ). [12] [13] Inhibitor molecules are covered on the copper surface when inihibitors are added to the chloride solutions and this prevents it from corroding easily. The SEM photographs indicate that the inhibitor molecules are adsorbed on the copper surface ( Figures 7[b] and [c] ).
Quantum Chemical Calculations
The B3LYP/6-311++G(2d,2p) calculated neutral and protonated forms of BA and ABSA molecules are given in Figure 8 . Figure 9 shows the HOMO population of BA and ABSA and the LUMO population of BA and ABSA.
The HOMO orbitals of the neutral BA and ABSA molecules are concentrated mainly on the aromatic cycle, amide, and sulfonamide groups. Table 2 represents gas and water phase energy levels (in eV) of the HOMO and LUMO orbitals. The energy gap between E HOMO and E LUMO , dipole moment (µ), molecular volume (MV), sum of the total negative charge (TNC), global hardness (η), softness (σ), chemical potential (p), and electronegativity (χ) values were calculated with B3LYP/6-31G(d,p), B3LYP/6-31++G(2d,2p), MP2/6-31G, and MP2/6-311G levels of theories for the neutral and protonated forms of BA and ABSA molecules. While the LUMO orbital energy indicates the ability of the molecule to accept electrons, HOMO energy is the ability to donate an electron to an appropriate acceptor with empty molecular orbitals. The adsorption and high inhibition efficiency can be related to higher values of E HOMO . The E HOMO value of BA calculated with B3LYP/6-31G(d,p), B3LYP/6-31G++(2d,2p), MP2/6-31G, and MP2/6-311G is -6.72, -7.17, -9.39, and -9.52 eV, respectively, and that of ABSA is -5.98, -6.34, -8.80, and -9.03 eV. As seen from the energies, the E HOMO value of ABSA is higher than BA at all calculated methods, and the ABSA has a higher inhibition efficiency (IE%) value than BA.
Because of being energetically favorable to add electrons to a low-lying LUMO and to receive electrons from a high-lying HOMO, a small HOMO-LUMO energy gap implies low kinetic stability. 45, 53 The HOMO-LUMO energy gap of BA calculated at the B3LYP/6-31G(d,p), B3LYP/6-31G ++(2d,2p), MP2/6-31G, and MP2/6-311G levels is 5.73, 5.69, 11.91, and 11.90 eV, respectively. That of ABSA is 5.51, 5.36, 11.48, and 11.43 eV. The HOMO-LUMO energy gap of ABSA is smaller than that of BA, so ABSA has lower kinetic stability than that of BA.
The concepts of absolute electronegativity, absolute hardness, and softness are incorporated into HOMO-LUMO. Hard molecules have a large HOMO-LUMO gap and soft molecules have a small HOMO-LUMO gap.
A small HOMO-LUMO gap means small excitation energies to the manifold of excited states. Therefore, soft molecules, with a small gap, will be more polarizable than hard molecules. High polarizability was the most characteristic property attributed to soft acids and bases. 54 As seen from Table 2 , hardness (η) for BA calculated at the B3LYP/6-31G(d,p), B3LYP/6-31G++(2d,2p), MP2/6-31G, and MP2/6-311G levels is 2.865, 2.845, 5.955, and 5.950, respectively, and for ABSA is 2.755, 2.680, 5.740, and 5.715. Softness (σ) for BA is 0.349, 0.351, 0.168, and 0.168, respectively, and for ABSA is 0.363, 0.373, 0.174, and 0.175 eV.
In addition, cationic species of BA and ABSA were calculated with the same level of theory as neutral molecules. As seen from Table 2 , the softness (σ) values of cationic species of BA and ABSA are higher than the neutral counterparts. For example, softness (σ) of BA calculated at the B3LYP/6-31G(d,p) level is 0.349 for neutral BA, whereas 0.430 for protonated BA. Because of the softer molecule being more reactive, the protonated species interact with the metal surface more easily. Similar results have been observed in the literature. [55] [56] [57] [58] [59] Fukui functions allow us to evaluate the nucleophilic and electrophilic behavior of each atom in the molecule.
Fukui functions can be expressed by the following equations:
(for (for (f nucleophilic attack) (14) f
(for (for (f electrophilic attack) (15) where k represents the sites (atoms/molecular fragments) for nucleophilic, electrophilic, and radical agents and ρ k are their gross electron populations. An elevated value of f k implies a high reactivity of the site k. The site for nucleophilic attack is controlled by f + k and the site for electrophilic attack is controlled by f -k . The values of the Fukui functions for a nucleophilic and electrophilic attack of the BA and ABSA calculated B3LYP/6-31G (d,p) are given for neutral and protonated forms in the gas phase and in the presence of water in Table 3 .
For nucleophilic attack, the most reactive site of the BA molecule is on the carbon atoms of the phenyl ring (C1: 12.25%, C2: 18.73%, C3: 8.80%, C4: 5.30%, C5: 22.36%, C6: 2.47%), C12 atom (14.60%), O13 atom (10.52%), and N14 atom (4.27%), As seen from Table 3 , these values slightly change in the presence of water. In the protonated form, the reactivity of the phenyl ring decreases (C1: 12.10%, C2: 2.95%, C3: 11.68%, C5: 14.92%), whereas the reactivity of C12 atom increases to 35.93% and N14 to 12.86%. In the ABSA molecule, the most reactive site is mainly on the carbon atom of the phenyl group. In the protonated form, the reactivity slightly changes on the C atom of the phenyl group. In the cationic form, the reactivity of the S atom decreases from 8.05% to 2.62%, and there are changes on the reactivity site of the phenyl ring. As the reactivity of the C1 atom increases from 2.78% to 11.35%, the reactivity of the C2 atom decreases from 12.58% to 6.63% (Table 3) .
For electrophilic attack, the most reactive site of the neutral BA molecule is an O atom of the carbonyl group. In the presence of water, the reactivity of the O atom decreases from 60.58% to 34.95% and reactivity on the C atoms of the phenyl ring increases. In the protonated form, the reactivity of the O atom disappears but the reactivity on the C atoms of the phenyl ring appear.
In a neutral ABSA molecule, the most reactive site is mainly collected on the C3 atom of the phenyl ring and N11 atom. The reactive site completely changes at protonated forms. The most reactive site mainly is on the N15 atom (46.20%) and O18 (14.97%), and O19 (14.97%) atoms at protonated ABSA (Table 3 ). 
CONCLUSIONS
v Amides (BA and ABSA) are found to be effective inhibitors for copper corrosion in 1.0 M HCl. It was determined that ABSA is more effective than BA. v The corrosion process is inhibited by the adsorption of these molecules on the copper surface. The inhibition efficiency of the BA and ABSA increased with increasing inhibitor concentrations. v Adsorption of the inhibitor fit the Langmuir isotherm model.
v The inhibitor behaviors are explained by polarization curves. The inhibitors show mixed-type behavior. However, the decrease in anodic reaction rate is more than the decrease in the cathodic reaction rate. v Current-time measurements at 250 mV indicate that the copper dissolution currents decrease because of the adsorption of inhibitor molecules. v The SEM photograph indicates that the inhibitor molecules are adsorbed on the copper surface. v A quantum chemical study has been performed using the B3LYP functional with the 6-31G(d), 6-311++(2d,2p) basis sets and MP2/6-31G, MP2/6-311G levels. The conclusion obtained by means of the calculation of the HOMO, energy gap ∆E, softness, is the order ABSA > BA, which agrees well with the experiment for all studied levels of theory and basis sets.
